Morphologic examination of bone marrow aspirate smears with cytochemical staining is the method used to identify subtypes of acute myeloid leukemia (AML) and forms the basis for the French-American-British (FAB) classification system. However, immunologic markers are proven to be of value in the diagnosis of AML, especially when leukemic blasts are morphologically undifferentiated and cytochemical reactions specific to myeloid cells are negative. 1-3 As a result, immunophenotyping has been integrated into the FAB classification 4 in the diagnostic protocols needed to recognize AML-M0 5 and M7. 6 Flow cytometric analysis is the method of choice for immunophenotyping 7-9 because it has several advantages, such as rapid analysis, higher sensitivity owing to better preservation of antigens, quantitation of antigen expression, and the possibility of double labeling. However, immunohistologic examination of bone marrow sections has been proposed as an alternative method. 10 Its advantages include identification of morphologic features, the possibility of retrospective analysis, and cost-effectiveness, and, in situations such as a "dry tap," it is the only available source for the diagnosis and classification of acute leukemia.
A b s t r a c t Flow cytometry (FC) is the preferred method of immunophenotyping acute myeloid leukemia (AML). However, there are situations in which FC is unavailable and in which immunohistologic staining of bone marrow biopsy specimens can be used to provide immunophenotypic information. To evaluate immunohistologic staining and to confirm its value, we selected 80 newly diagnosed cases of AML that were classified according to French-American-British (FAB) criteria and confirmed by flow cytometric analysis for this study. Paraffin-embedded bone marrow specimens were stained using a panel of antibodies that included CD34 (QBEND10), antimyeloperoxidase (anti-MPO), antihemoglobin, factor VIII-related antigen, and 3 epitopes of CD 68 (HAM56, KP1, and PG-M1). Our findings suggest that with the use of the paraffinreactive antibodies CD34 (QBEND10), MPO, CD68 (PG-M1), antihemoglobin, and factor VIII-related antigen, immunohistochemistry can be used to subclassify AML. Comparison of immunohistochemical results with FC immunophenotyping suggests that there is significant concordance in the results for markers that can be used with both techniques, indicating that the sensitivity and specificity of both methods is comparable (P > .53 in all cases).
Morphologic examination of bone marrow aspirate smears with cytochemical staining is the method used to identify subtypes of acute myeloid leukemia (AML) and forms the basis for the French-American-British (FAB) classification system. However, immunologic markers are proven to be of value in the diagnosis of AML, especially when leukemic blasts are morphologically undifferentiated and cytochemical reactions specific to myeloid cells are negative. [1] [2] [3] As a result, immunophenotyping has been integrated into the FAB classification 4 in the diagnostic protocols needed to recognize AML-M0 5 and M7. 6 Flow cytometric analysis is the method of choice for immunophenotyping [7] [8] [9] because it has several advantages, such as rapid analysis, higher sensitivity owing to better preservation of antigens, quantitation of antigen expression, and the possibility of double labeling. However, immunohistologic examination of bone marrow sections has been proposed as an alternative method. 10 Its advantages include identification of morphologic features, the possibility of retrospective analysis, and cost-effectiveness, and, in situations such as a "dry tap," it is the only available source for the diagnosis and classification of acute leukemia.
Several studies [11] [12] [13] [14] [15] have addressed the use of immunohistology in the diagnosis of AML. Although in general they have confirmed the ability to distinguish between myeloid and lymphoid leukemias, they have shown variable and conflicting results for the subclassification of AML. Moreover, few studied the relative value of immunophenotyping by immunohistologic examination and flow cytometry (FC) and the differences in reactivity observed with various epitopes of CD68.
We studied 80 FAB-classified and immunologically confirmed cases of AML using a panel of immunohistologic stains to: (1) decide the adequacy of immunohistochemical stains of bone marrow sections for FAB classification of AML, (2) determine whether a correlation exists between immunophenotyping by FC and immunohistologic examination, and (3) evaluate CD34 using the QBEND10 antigen (Novocastra, Newcastle upon Tyne, England) and the several epitopes of CD68 (HAM56, KP1, and PG-MI, all from DAKO, Carpinteria, CA) in an attempt to better subtype AML.
Materials and Methods

Tissue Samples
Bone marrow biopsy specimens from 80 adult and pediatric patients with AML diagnosed on the basis of conventional criteria based on examination of bone marrow aspirate smears, cytochemical tests, and flow cytometric analysis were obtained Bone marrow biopsy specimens were fixed in formalin or B-5 for 2 hours before being transferred to neutral buffered formalin and processed routinely following acid decalcification for 1.5 hours. Sections were cut 2 to 3 µm thick, mounted on poly-L-lysine-coated glass slides, and allowed to dry at room temperature overnight. Immunohistochemical staining using the heat-induced epitope retrieval technique for all antigens except PG-M1, for which autoprotease 2 pretreatment was used, was performed according to previously published methods. 10, 16 The panel of antibodies studied included CD34 (QBEND10), myeloperoxidase (MPO; polyclonal), CD68 (HAM56), CD68 (PG-M1), CD68 (KP1), hemoglobin (polyclonal), and factor VIII-related antigen (polyclonal) ❚Table 1❚. Staining with KP1 and HAM56 was limited to the 51 cases from Indiana University Medical Center. Five cases of staging bone marrow specimens from patients with carcinomas whose bone marrow was uninvolved by the malignant process were used as controls in parallel with all immunostains performed.
The criteria for antigen expression were based on the recommendation of the General Hematology Task Force of the British Committee for Standards in Haematology 17 and on published data from Mayo Clinic, 10 and staining for each individual antigen was considered positive if more than 10% of leukemic cells were stained. Blast cells with typical morphologic features showing large central nuclei, dispersed chromatin, and prominent nucleoli were identified. The percentages of positive blast cells were based on a 200-cell differential count and were examined under oil immersion. Positive controls were used for each antibody.
Flow cytometric immunophenotyping was performed by standard technique 18, 19 by gating on CD45-dim cells and included a broad panel of lymphoid-and myeloid-associated monoclonal antibodies, although all antigens were not studied in every case. The monoclonal antibodies used at both institutions included CD34, CD13, CD33, HLA-DR, CD41, and CD14 or CD64. CD14 was used as a monocytic marker on cases from Indiana University Medical Center, while CD64 was used in cases from M.D. Anderson Cancer Center. A cell population was considered positive for an antigen by FC if 20% of the gated cells stained positively with the antibody, in accordance with previous published criteria. 9 
Statistical Analysis
Calculations of sensitivity and specificity of immunohistologic examination and FC were performed by using the McNemar test. 20 The true value of staining used in these calculations was defined as the expected outcome given a subject's FAB classification. For example, a subject with FAB classification of M3 would be expected to have negative staining for CD34 by immunohistologic examination and FC, positive staining for MPO by immunohistologic examination and CD33 by FC, and negative staining for CD68 (PG-M1) by immunohistologic examination and CD14 or CD64 by FC.
Results
Flow Cytometric Findings
All cases of M0, M1, M2, and M6 showed strong CD34 positivity, while cases of M4 showed variable positivity. CD34 was negative in 14 of 15 cases of M3 and 15 of 16 cases of M5, and both subtypes showed a single case that was weakly positive. The single case of M7 was negative for CD34. CD13 was positive in the majority of cases studied except 1 case each of M0, M4, and M5 and 2 cases of M3 and was not used in 1 case of M1. CD33 was more intensely positive than CD13 and was negative in 1 case each of M0 and M2 and 2 cases of M1. All cases were positive for CD13 or CD33. HLA-DR was negative in all cases of M3 but positive in other subtypes of AML except 1 case of M1 and 2 cases each of M4 and M5. It was not used in 2 cases of M5. CD14 and CD64 showed strong positivity in 15 of 16 cases of M5 and variable positivity in 6 of 12 cases of M4. CD14 was negative in all other subtypes of AML, but CD64 showed weak positivity in 2 cases of M1 and 1 case each of M2 and M3. CD41 was strongly positive in M7 but was weakly positive in 1 case each of M1 and M4, probably owing to adherent platelets on blasts.
Immunohistochemical Findings
The results of immunohistochemical staining are summarized in ❚Table 2❚ and illustrated in ❚Figure 1❚, ❚Figure 2❚, and ❚Figure 3❚ and ❚Image 1❚, ❚Image 2❚, ❚Image 3❚, and ❚Image 4❚. MPO High concordance for positive and negative results was observed for CD34 by both methods. CD13, CD33, or both may be seen in all subtypes of AML. However, by immunohistologic examination, MPO was negative in M0 and M7. Comparison of monocytic markers CD14 and CD64 by FC and CD68 (PG-M1) by immunohistologic examination showed excellent correlation for positive and negative results.
❚Table 3❚ shows the sensitivity and specificity estimates for FC and immunohistologic examination; the overall sensitivity and specificity estimates were 94% or more and 87% or more, respectively. Both methods of staining showed similarly high levels of sensitivity and specificity. The measure of specificity for CD13 and CD33 by FC could not be estimated since all stains were positive.
Discussion
Several groups [21] [22] [23] have studied the feasibility of paraffin-section immunophenotyping of AML in bone marrow specimens. Arber and Jenkins, 14 in their study using HPCA-1 epitope, found that immunohistologic examination is less sensitive than FC for detecting CD34. Hanson et al 24 also used HPCA-1 and reported the only other comparative study of anti-CD34 immunohistologic staining with FC and found, on the contrary, no significant discrepancies between the 2 methods. However, there were no cases of M0 in their series. When using FC, Venditti et al 25 and Kotylo et al 26 reported high expression of CD34 in cases of M0. Borowitz et al 27 reported that CD34 positivity by FC showed significant (72%) association with FAB M1 or M2, while only 7% of M4 and M5 cases were positive. Chuang and Li 10 found low expression of CD34 in leukemic blasts by immunohistologic examination using the HPCA-1 epitope. We found that the results obtained by immunoperoxidase staining with anti-CD34 (QBEND10) parallel the results of CD34 by flow cytometric immunophenotyping in all subtypes of AML, M0 included.
MPO has been demonstrated to be a specific marker for myeloid cells in paraffin sections. 28 Chuang and Li 10 found MPO to be positive in 84% of cases with a myeloblast component (M1-M4 and M6). In their series, cases of M0 were negative for MPO. In our study, 7 of 8 cases of M0 showed MPO negativity by immunohistologic examination. We compared CD13 and CD33 by FC with MPO by immunohistologic examination and found concordant values in all FAB subtypes except M0.
Most cases of M4 and M5 can be delineated by using CD14 6 or CD64 by FC. 29 However, distinguishing them by immunohistologic examination has been a major problem owing to the nonspecificity of antibodies directed against monocytes. Kurec and associates 11 found that the anti-CD68 antibody, KP1, could differentiate between acute lymphoblastic leukemia and AML but could not distinguish between AML subtypes. Arber and Jenkins 14 reported similar findings. Falini et al 30 reported that PG-M1 stained only AML of the M4 and M5 subtypes. This was further confirmed by Chuang and Li. 10 However, Horny et al, 21 who evaluated immunohistologic examination in subtyping acute leukemia by using a panel of 3 CD68 antibodies, which included PG-M1, found none could reliably separate FAB M4/M5 and M1/M2. We found PG-M1 to be the most specific of the 3 epitopes of CD68. Comparative analysis with other epitopes of CD68 showed KP1 to be the least specific; it was equally positive in all cases belonging to the M1 through M6 categories, while HAM56 showed low specificity.
In addition, our study confirmed that PG-M1 (CD68) has a high correlation with CD14 and CD64 positivity by The selective positivity of CD34 in poorly differentiated AML (M0, M1, M2, and M6) and negativity in M3, M5, and M7 indicates that CD34 has diagnostic usefulness in FAB subclassification (Images 1-4) . When FC is unavailable, CD34 used in conjunction with antibodies to MPO, PG-M1, hemoglobin, and factor VIII-related antigen on 
